Double Resonance Modulation (DRM) microwave spectroscopy has allowed the determination of the complete substitution structure of normal, mono-deuterated and perdeuterated 1,3.4-thiadiazole (N,C2H2S). The shift of the centre of gravity between the normal and the d2-form and the swing of inertia! axes relative to the C2v symmetrical forms in the 2-d,-species have been used to revise the small coordinates of hydrogen and deuterium atoms.
I. Introduction
Since its inception in 1965 the Double Resonance Modulation (DRM) technique [1] has become re cognised in most microwave laboratories as a power ful tool for the disentanglement of complex spectro scopic situations, and its applications in different branches of rotational spectroscopy have resulted in an improved efficiency and in a widened scope of mi crowave spectroscopy in general. In the specific field of of molecular structure determinations by the isotopic substitution method [2] , the DRM technique has been particularly beneficial because its extreme molec ular selectivity together with an enhanced sensitivity has greatly reduced the need for the usually expensive, and often difficult-to-prepare enriched isotopic forms.
The relative ease of identifying by DRM techniques the spectra of rare molecular isotopes containing 34S, 13C, 15N or lsO in their natural abundances has led almost inescapably to the study of multiply substi tuted species, particularly when a relatively cheap deuterated form had been enriched to ~ 50% or more. Thus, the substitution structures of 2,6-difluoropyridine While we were initially content to look upon the values of doubly determined structure parameters as merely providing a check on the consistency and accu racy that seemed to be obtainable by the substitution method, it soon became apparent that multiple substi tution data may also help to overcome the chief disad vantage of that method, which is its failure to provide reliable coordinate values for atoms near a principal inertial plane. For example, in the structure calcula tion on 1,2,4-and 1,2,3-thiadiazole the small coordi nate of a near-axis hydrogen atom was revised from knowledge, deduced from multiply substituted forms, of the swing of inertial axes which results from substi tution of that hydrogen atom by deuterium. In the separate structure calculations on the normal and a symmetrically deuterated form of 2,6-difluoropyridine, of maleic anhydride, of 1,2,5-thiadiazole, of difluorobenzenes and of furazan a high degree of con sistency was noted between the shift of the centre of gravity as calculated directly from the known coordi nates of the substituted hydrogen atoms, on the one hand, and as deduced, on the other hand, from the 0932-0784 / 89 / 0100-0029 $ 01.30/0. -Please order a reprint rather than making your own copy. 4 4 O. L. Stiefvater • The Triply Determined Substitution Structure of 1,3.4-Thiadiazo differences between coordinates of atoms in the two inertial reference frames. These latter findings seemed to imply that the small coordinate of an otherwise unplaceable near-axis atom may be determinable from the shift of the centre of gravity as apparent from the different coordinates of atoms in the two reference frames.
Of course, it cannot be denied that the apparent success of the 'swing method' and the good con sistency of the 'shift data' in the aforementioned cases may have been partly fortuitous. This is why we thought it desirable to study a structure which would allow each of these two schemes to be applied sepa rately for the determination of the small coordinate of the same near-axis atom.
With three previous structure studies on thiadiazoles, the selection of 1,3,4-thiadiazole [4] as the testcase was almost inevitable. Although this compound has two pairs of equivalent near-axis atoms, its C2v symmetry offered the possibility of examining the 'shift scheme' for the location of the near-axis hydro gens from multiple substitution data relating to the normal and the d2-form, while the 'swing scheme' for locating the same two hydrogens could be tested with the experimental data on the 2-d j-species in combina tion with either C2v-symmetrical form.
II. Experimental a) Samples
The three samples (normal, mono-and perdeuterated) of 1,3,4-thiadiazole, which were needed for the present study, were kindly prepared by Dr. P. J. Thomas of this department. The normal form was obtained by the method of Foehlisch, Braun and Schultze [5] , and the 2-d,-species was prepared by a method based on the work of Bak and collaborators [4b], The 2,5-d2-form was obtained by direct ex change with D20 [3e],
The degree of deuteration achieved in these prepa rations was assessed by the relative intensity of ab sorptions under DRM and gave the following approx imate compositions: sample I: normal form ~18%, 2-d,-species ~ 37%, 2,5-d2-form ~ 45%; sample II: normal form ~ 45%, 2-d,-species ~ 43%, and d2-form -12%. The molecular isotopes associated with 34S, 13C and 15N were all studied in their natural abun dances. The approximate concentration of these rarer isotopic forms relative to the normal species in a pure sample are given in row 3 of Table 1 .
The essential part of the spectroscopic work was carried out by DRM spectroscopy, but additional measurements were made under Stark effect modula tion (SEM) [6] . The DRM spectrometer, which has been described in detail previoulsy [7] , has an 'empty' K-band absorption cell of 20 m in length, and em ploys frequency modulation of the pump radiation. In this respect it differs from all DRM spectrometers built later. DRM signal transitions were observed on the oscilloscope. For the present study the range of pump frequencies was taken from 15-30 GHz, with signal frequencies ranging from 22-42 GHz. The SEM spectrometer, with a J-band absorption cell of 3.5 m length, was operated in the same fashion as the DRM instrument. All measurements were made at room temperature and with sample pressures between 10-50 mTorr.
III. Spectroscopic Results
The rotation spectrum of 1,3,4-thiadiazole (TDA) has been the subject of previous investigations [4] , in which rotational constants have been reported for the 34S-species (natural abundance), the 2-dj-species (75% enriched), the 13C-form (52% enriched) and the 1?N-species (33% enriched) of normal 1,3,4-TDA. On the basis of these data the rotational constants of the nine additional isotopic forms of this study were close ly predictable and their spectra were readily identified and assigned by standard DRM methods [7] . a) Sequence of Isotopic Analysis Naturally, we chose to identify the nine new spectra in the order of decreasing spectral intensity. The perdeuterated form was studied first, followed by its 34S-, 13C-and 15N-forms. In the 2-dr species which fol lowed. the C2v symmetry of the molecular mass distri bution is destroyed, and the occurrence of a 13C-atom in the 2-or 5-position of the ring leads to slightly different spectra. Similarly, there occur two distinct 15N-forms so that five, rather than just three, molecu lar isotopes had to be studied for a complete deter mination of the ring structure. Fortunately, the sepa- ration between corresponding transitions of the two 13C-forms, and the separations between the transi tions of the pair of 15N-forms, were generally large enough to allow the unequivocal assignment of transi tions to one or the other component of each pair. The differences between the deduced constants turned out sufficiently pronounced to allow a definite correlation of the spectra with 13C-substitution in the 2-or 5-position and with 15N-substitution in the 3-or 4-position of the ring. Due to the absence of symme try, the natural abundance of 13C and 15N was cut back to 1.1 % and 0.36% of the parent 2-d1-species. In view of the composition of sample I, this amounted to only ~ 0.5% and ~ 0.2% with respect to the normal species in a pure sample. For this reason, the two 1:,N-forms of the 2-dj-species were studied last.
b) Method of Assignment
Despite the fact that signals from all 14 isotopic forms were detectable in each of the deuterated sam ples, little difficulty was encountered in identifying the spectra of the nine new isotopic forms. In each case double resonance connections between the J = 2 -> 3 (pump) and J = 3 -> 4 (signal) transitions were located first through double searches [7] , and the assignments were then completed through the identification of connected low-J (J < 5) Q-branch transitions. Such transitions with 6 < J < 10 were located next by dou ble searches involving only small ranges of pump and signal frequencies.
c) Hyperfine Splittings
The quadrupole fine structure of the J = 2->3, 3 -> 4 and 4 -> 5 transitions, which were used in the DRM experiments, is very small (compare [4d], Table 1 ), and the observed frequencies could therefore be taken as identical with the hypothetical centre fre quencies. For some Q-branch transitions, however, broadening or small splittings were noticeable. In such cases either the peak absorption frequency or the centre of resolved hyperfine components was taken as the unperturbed frequency of the transition. The un certainties resulting from these approximations are estimated not to exceed +0.3 MHz and. while they may be responsible for the slightly larger than usual standard deviations of the fits (row 7 of Table 1 ). their influence on the accuracy of the rotational constants is considered neglibible. As in the case of the closely related 1,2,5-thiadiazole [3e], the moments of 1,3,4-TDA, together with the molecular symmetry and the resulting a-type selection rule, lead to a comparatively sparse DRM spectrum with the disadvantage that only few Q-branch transi tions with low J-values are accessible. Since some of these transitions are broadened by hfs, we found it impossible to derive rotational parameters accurate enough for our purposes from the low-J DRM transi tions alone. In particular, the rotational constant A could not be determined to better than + 0.1 MHz, and there arose the need for the identification of high-J Q-branch transitions which would allow the refinement of the constants. Such transitions had pre viously been measured [4d] for the normal species of 1,3,4-TDA and, undoubtedly, they could have been identified in the present study by SEM spectroscopy for the enriched forms as well. For the rare isotopic forms, on the other hand, the identification of such transitions by SEM techniques appeared cumbersome since predictions based on transitions with J <10 were unlikely to be of much help at J-values above 20. We considered it more promising to try and identify the high-J Q-branch transitions by the technique of DRM intensity modulation via collisional energy trans fer (for a more detailed explanation see [3e], Figure 1 ). Although such 'collisional relaxation signals' were, typically, about ten times weaker than DRM signals produced by direct modulation, it was possible to identify at least a few such high-J Q-branch signals for all but the least abundant isotopic forms. After their incorporation in the fits, other high-J transitions could be accurately predicted and readily measured by SEM spectroscopy.
Unfortunately, for the crucial 15N-forms of the 2-d,-species we were prevented from applying the de scribed technique by the deplorable lack of suitably powerful pump oscillators for the J-band (12-18 GHz) range. As a result, we were reduced to SEM spectros copy alone, and it turned out that the identification of high-J Q-branch transitions of the two lsN-forms of 2-dr TDA accounted for more than 90% of the total experimental effort required in the present study. Al though apparently successful in the end (columns XIII and XIV of Table 1 ), the identification of these transi tions could scarcely have been achieved without the precise knowledge of all transitions up to J = 40 of the other twelve isotopic forms, as deduced so easily by DRM techniques.
e) Derivation of Rotational Parameters
As in previous studies on planar heterocyclics [3] , and in keeping with the earlier work [4] on the normal form of 1,3,4-TDA, the 14 spectra were fitted by least squares to a Hamiltonian with four quartic distortion constants [8] . Through the addition of 22 transitions, including 12 DRM identified R-branch lines with 2 < J < 21, to the 45 transitions observed previously [4d], six of the seven parameters of the normal species were determinable with good accuracy. However, the distortion constant zaabb = (-0.49 + 0.18) kHz carries an uncertainty of ~ 30%. LSQ-fits of the 2-d, and 2,5-d, spectra, which were both studied to an extent comparable with the normal species, gave analogous results with xaabb = ( -2 7 ± 0.15) kHz and raahh = ( -0.73 ±0.18) kHz, respectively. In view of this, and since the identification of DRM connections involving the very weak, high-J R-branch transitions was not feasible for the rare isotopic forms, we considered it legitimate for our purposes to fit all 14 spectra to six parameters, with taabb held constant at the average value of -0.50 kHz.
The results of these fits are collected in Table 1 , where the uncertainty (3 a errors) of all rotational con stants is seen to be smaller than + 0.03 MHz, and the distortion constants are in qualitative agreement with each other throughout.
Since we can see no scientific advantage in the pub lication of 631 transition frequencies, we have col lected general information on each of the 14 spectra in the upper half of Table 1 , with the relevant parameters given in the lower half. Listings of the fitted transitions may, of course, be obtained from the author. They have also been deposited with the 'Sektion für Spek tren und Strukturdokumentation' of the University of Ulm (FRG).
IV. Structure Calculations
In principle, the 14 sets of moments of molecular isotopes of 1,3,4-TDA allow three independent deter minations of the structure of this simple molecule. The data of columns I-V and IX allow a structure calcula tion on the normal form, and those of V-IX together with I permit an analogous calculation for the d,-form. The data in columns IX-XIV together with I and V allow the determination of the structure of 2-d,-TDA. Unfortunately, however, none of these cal culations can be completed satisfactorily because the proximity of the hydrogen (or deuterium) atoms to the b-axis (see Fig. 1 ) prevents the placement, -via the first moment condition -, of the two carbon atoms which are still closer to the fc-axis than the hydrogens. These uncertainties, which arise from the failure of Kraitchman's equations (K.E.s) in the case of nearaxis atoms, seem removable however if the multiple substitution data are utilised in combination with each other, rather than separately, because two addi tional criteria will then arise which seem to allow erroneous small coordinate values to be diagnosed and rectified. As mentioned above, these criteria are, firstly, the 'shift of the centre of gravity (C.o.G.)' be tween the normal and the 2,5-d2-form and, secondly, the 'swing of the inertial axes' in the 2-d,-species from their orientation in the C2v symmetrical forms.
In the calculations to be reported, atomic coordi nates were obtained from K.E.s for planar molecules [2] , Since the planarity condition (ED.) = AIC -AIa -AIb = 0
is rarely fulfilled strictly, the coordinates of every atom were calculated (-as in our previous studies -) from AIa and AIb, from AIa and AI$ = AIC -AIa, and from AI* = AIC -AIb and AIh, and the three coordinate values thus obtained were then averaged. In (1) the symbol A refers to changes under isotopic substi tution. and I.D. is the inertia defect. The largest devia tion of an individual coordinate value from the quoted average is given in square brackets in the following tables. 
IV-A. Structures of C2v Symmetrical Forms

A -l. S e p a r a te S t r u c t u r e C a lc u la ti o n on N o rm a l an d 2 ,5 -d 2 F o rm
Atomic coordinates, deduced in the manner out lined above from K.E.s, are collected for the two symmetrical forms of 1,3,4-TDA in Table A Table A -l may well give rise to the suspicion that the hydrogen and deuterium coordinates are in error, because their magnitudes fall under the Costain limit [9] of 0.15 Ä. Further evidence for the unreliability of these coordinates cannot be extracted however from either set alone, and arises only from a comparison of both sets: If the small values of aH and aD were correct, they should, via the first moment condition, lead to ac-coordinates which between the normal and d2-form differ by the same amount as the a-coordinates of the other atoms. Since this is not the case (row 2 b, column III), it has to be inferred that aH and aD are indeed erroneous.
If confidence is placed on the large, and therefore well-determined a-values of sulphur and nitrogen in each axis system, the shift of the C.o.G. under deuteration has to be accepted as s = 0.0028 ± 0.0001 Ä. A-2.2. Swing of inertial axes. The second criterion for a check on, and the revision of the hydrogen and deuterium coordinates in the symmetrical forms with the help of multiple substitution data arises from the fact that the swing (0) of inertial axes, which results from the replacement of one hydrogen atom by deute rium or of one deuterium atom of the d2-form by hydrogen, can be determined experimentally from the sulphur and nitrogen positions which emerge from the study of the 2-d l -species (IV-B, below). In particular, since \ 6\ is the same for the transition from the normal to the 2-d j -species as from the 2,5-d2-form to the latter, it follows that both aH and aD in the symmet rical forms should be determinable from Eq. (5) below, provided that \6\ and bH = bD are known to good accuracy. This latter requirement however seems to be met by the large substitution values for bH = bD in rows 4 of Table A Table A -2, which also includes a comparison between the moments calcu lated with these coordinates and the observed mo ments of each form. The structure parameters which follow from Table A-2 are given in Table C [4] fe-coordinate of the sulphur atom, however, is readily revisable from the first moment condition. There re main thus four different small a-coordinates with, see mingly, only two 'rigid molecule conditions' for their refinement, namely the first moment condition
and the product of inertia condition =
As long as multiple substitution data remained diffi cult to obtain experimentally, one was forced in such situations to invoke 'reasonable assumptions' in order to match the number of ill-determined coordinates against an equal number of conditions for their refine ment. The hazards inherent in that approach seem avoidable in the present case through use of informa tion contained in the multiple substitution data of Table 1 .
In ( 1) 2-d!-species and // is the reduced mass for the transi tion from the 2-di-species (now: parent) to the normal form (or to the d2-form). Customarily, (5) is used to calculate the swing 9 when an atom of known coordi nates ak, bk is substituted. Conversily, if the swing 0 were determined experi mentally and if either coordinate (here: bk) were known accurately, the above-relation could be consid ered as a 'rigid molecule condition' for the deter mination of the other coordinate (here: ak).
For an arbitrary planar molecule of course only one small coordinate is revisable with the help of (5). In the present case, however, both aD(2) and ßH<5) can be revised, since substitution of either D(2) by hydrogen or of H(5) by deuterium leads to a symmetrical form with inertial axes rotated by the same angle \ 9\ against the axes in the 2-dj-species. Equation (5) therefore represents not just one, but two conditions which, together with (3) and (4), provide the required number for the revision of all four small a-coordinates in the 2-d!-species of 1,3,4-TDA.
From rows 6 and 7 of Table B-l the large bcoordinates of D(2) and H(5) can be considered accu rate enough for use in (5), which we propose to reverse into a condition for the revision of the small values of aD(2) and aH (5) . The determination of the swing 0 on the basis of information from multiple substitution data is examined next. B-2. R ig id ity of th e T r ia n g le N(3)S(1)N(4) an d D e te r m in a tio n of th e S w ing 6
Atoms with a small and hence uncertain substitution coordinate are necessarily excluded from consider ations aiming at the determination of the swing 6. This leaves, in the first instance, only the direction of the bond N(3)-N(4) relative to the axes of the 2-d x-species as an indication of \6\. However, after revision of its small 6-coordinate with the first moment condition (row 1 a of Table B-l), the position of S(l) is also known to good precision. Accordingly, we have used the orien tation of the triangle N(3)S(1)N(4) with respect to the axes of the 2-d t-species to assess the value of 6.
Since variations under substitution in the geometry of this triangle would, naturally, reduce the accuracy of the fl-value to be determined, the dimensions of this triangle, as obtained independently in the normal form, in the 2-d {-species and in the d2-form, are examined first. The results are given in Table B -2, which indicates that the lengths of the sides are consistent to better than Table B -2, the small a-coordinates of D(2) and H (5) in the 2-dj-frame were revised according to condition (5) . For these calculations the swing was taken as 0 = 0.535°, and an uncertainty of + 0.01° was consid ered to obtain the error margins of Table B-3 on the resulting values of aD and aH. These revised values were subsequently utilised together with the large sub stitution coordinates to refine the small carbon co ordinates aC{2) and aC(5) with conditions (3) and (4). The results of the entire procedure are collected in Table B-3. While the described 'swing scheme' for the position ing of the D(2) and H(5) atom of 2-dr TDA automati cally leads to the result that the non-bonded distance H(5)...D(2) deviates from the direction of the fc-axis of the 2-d,-species by the same angle as the latter deviates from the ft-direction in symmetrical forms, the positions of the carbon atoms are, clearly, not
